Pulmonary hypertension (PH) and its severe subtype pulmonary arterial hypertension (PAH) encompass a set of multifactorial diseases defined by sustained elevation of pulmonary arterial pressure and pulmonary vascular resistance leading to right ventricular failure and subsequent death. Pulmonary hypertension is characterized by vascular remodeling in association with smooth muscle cell proliferation of the arterioles, medial thickening, and plexiform lesion formation. Despite our recent advances in understanding its pathogenesis and related therapeutic discoveries, PH still remains a progressive disease without a cure. Nevertheless, development of drugs that specifically target molecular pathways involved in disease pathogenesis has led to improvement in life quality and clinical outcomes in patients with PAH. There are presently more than 12 Food and Drug Administration-approved vasodilator drugs in the United States for the treatment of PAH; however, mortality with contemporary therapies remains high. More recently, there have been exuberant efforts to develop new pharmacologic therapies that target the fundamental origins of PH and thus could represent disease-modifying opportunities. This review aims to summarize recent developments on key signaling pathways and molecular targets that drive PH disease progression, with emphasis on new therapeutic options under development.
Introduction

Pulmonary Hypertension
Pulmonary hypertension (PH) is defined as an abnormal elevation in resting mean pulmonary arterial pressure (mPAP) above 25 or 30 mm Hg with exercise. 1 It is a debilitating disease with poor outcomes, an incompletely identified underlying pathophysiology, and limited treatment options. 2 Pulmonary vascular remodeling is a prominent feature of PH. 3, 4 On the cellular level, it is characterized by endothelial dysfunction and elevated contractility of the small pulmonary arteries (muscularization), resulting in altered intimal, medial, and adventitial activity that still remains incompletely understood. [2] [3] [4] [5] Clinical Classification of PH (World Health Organization Classification: Groups 1-5)
The World Health Organization (WHO) classifies PH into 5 groups based on pathophysiological clinical and therapeutic considerations (Table 1) . 6 Pulmonary arterial hypertension (PAH: WHO group 1) is caused by vasoconstriction and stiffening of the small arteries in the lungs secondary to cell proliferation, fibrosis, as well as the development of in situ thrombi or plexiform lesions. 3 The ensuing rise in the pulmonary vascular resistance (PVR) leads to increased right ventricular (RV) afterload. Without effective therapeutic treatment, patients with PAH eventually die from RV heart failure. 8 Causes of PAH can range from idiopathic, heritable, or associated secondary diseases such as connective tissue disease, HIV infection, drug/toxin exposure, among others. The are other subtypes of PH are PH-driven left ventricular heart disease (WHO group 2), chronic lung diseases and/or hypoxia (WHO group 3), chronic thromboembolic PH (CTEPH, WHO group 4), and miscellaneous or multifactorial etiologies (WHO group 5).
Pathological Features of PH
The PAH has a multifactorial pathobiology that affects the small pulmonary arteries (diameter <500 mm). A wide array of cellular alterations can all be observed in PAH, ranging from medial hypertrophy, intimal proliferative, and fibrotic changes, to adventitial thickening with moderate perivascular inflammatory infiltrates (which may be more pronounced and organized in tertiary lymphoid tissue), complex lesions (plexiform, dilated lesions), and thrombotic lesions. [2] [3] [4] Figure 1 highlights some key pathological abnormalities in PAH.
Current Therapeutic Targets for PH
The current mainstays of pharmacologic therapy for PAH are focused on 4 major pathways (Figure 2 ): the nitric oxide-cyclic guanosine monophosphate signaling pathway (NO-cGMP enhancers), prostacyclin (PGI 2 ) signaling pathway (PGI 2 pathway agonists), endothelin (ET) signaling pathway (ET receptor antagonists), and calcium channel signaling pathway (calciumchannel blockers [CCBs] ).
Calcium-channel blockers were the first vasodilator agents to gain popular acceptance for the treatment of PAH in the early 1980s. [9] [10] [11] High-dose CCBs were later found to have survival benefit for patients with idiopathic PAH who respond to acute intravascular administration of pulmonary vasodilators during invasive right heart catheterization. 11, 12 Based on those data, long-acting nifedipine and diltiazem continue to be prescribed as first-line therapy in appropriate patients with PAH. 11 The CCB verapamil is not recommended by some because of greater negative inotropic effects. 13 Therapies targeting the NO-cGMP signaling pathway have also been used as pulmonary vasodilators to improve hemodynamics, functional status, and symptomatology in patients with PAH. These medications include nitrovasodilators (inhaled NO), phosphodiesterase 5 (PDE5) inhibitors (sildenafil and tadalafil), 14 and cGMP agonists (riociguat). [15] [16] [17] Ultimately, all of these drugs work to increase the functional concentrations of cGMP, thus decreasing vascular smooth muscle contraction and thus vasomotor tone in pulmonary arterioles.
Beyond the NO-cGMP pathway, it is also known that PGI 2 synthase declines in the pulmonary arteries of patients with idiopathic PAH, accompanied by an apparent reduction in PGI 2 release and a marked increase in thromboxane-a 2 . 18, 19 Thus, supplementation with PGI 2 and its analogs has been employed as an effective therapy to induce pulmonary artery dilation. The currently available drugs worldwide that target the PGI 2 pathway are epoprostenol (synthetic PGI 2 ), iloprost (PGI 2 analog), treprostinil (PGI 2 analog), beraprost (PGI 2 analog), and selexipag (I-prostanoid receptor agonist). 20 A variety of intravenous (IV), subcutaneous, inhaled, and oral formulations of these PGI 2 drugs are available for treatment in PAH. Furthermore, there is growing evidence that these medications also inhibit vascular smooth muscle cell proliferation as well as platelet activation and aggregation. 21 Such pleiotropic and potentially synergistic activities correlate with existing outcomes data that indicate IV PGI 2 s lengthen the time to disease worsening 22 and suggest PGI 2 s may have disease-modifying properties beyond simply vasodilation.
Endothelin-1 (ET-1), a protein secreted from pulmonary endothelial cells (ECs), has been shown to be a notable vascular mediator in PAH. 3 Bosentan and ambrisentan are ET receptor antagonists that facilitate a significant improvement in pulmonary hemodynamics, exercise capacity (6-minute walk distance; 6MWD), and other symptoms. Improvement in hemodynamics, clinical status, and composite clinical outcome of patients with PAH treated with macitentan (Opsumit [Actelion]), the latest generation of ET receptor antagonist, highlights the significance of this pathway in disease therapy. 23 Taken together, the past few years have seen a remarkable increase in our understanding of the cellular and molecular mechanisms responsible for the pathobiology of PH. In total, Thus, there is still an unmet need for novel and diseasemodifying therapeutic agents for the treatment of PH, beyond simply pulmonary vasodilation. This review focuses on the emerging therapeutic possibilities and how they relate to specific mechanisms involved in pathogenesis.
Emerging Therapeutic Strategies and Targets for PH
Several key molecular, cellular, and genetic abnormalities that are vital for the vascular remodeling of PH have recently been identified. Therapeutic approaches targeting pulmonary arterial homeostasis and proliferation, bone morphogenetic protein receptor 2 (BMPR2) signaling deficiency, inflammation, DNA damage, and mitochondrial/metabolic dysfunction may be particularly promising and will be discussed ( Figure 3 ).
Promotion of Vascular Homeostasis
Apelin. The endogenous peptide apelin, which has vasodilatory effects on the pulmonary vasculature, is related at least in part to the regulation of endothelial NO and NO synthase (NOS) levels. 25 Apelin is also a key downstream target of BMPR2 signaling, mediated through the actions of b-catenin and peroxisome proliferator-activated receptor g (PPARg). 26 Previous studies have revealed that administration of apelin prevents PH in preclinical rodent models. 26, 27 Furthermore, clinical trials have shown that short-term infusion of apelin decreases PVR and increases cardiac output and stoke volume in patients with PAH with short-term hemodynamic effects. 28, 29 Although there was no alteration in mPAP and systemic vascular resistance, the long-term effects of apelin in PAH remain undefined. Figure 1 . Pathogenesis of PAH. Multiple vascular cell types, endothelial cells, smooth muscle cells, and fibroblasts are involved in pulmonary arterial pathobiology. Healthy endothelium modulates the balance between vasodilation and vasoconstriction and inhibits smooth muscle cell proliferation in order to maintain a low-resistance pulmonary vasculature. Pulmonary vasoconstriction has long been regarded as an early event, and excessive pulmonary vasoconstriction has been related to endothelium dysfunction characterized by reduced production of vasodilators (nitric oxide and prostacyclin), along with overexpression of vasoconstrictors (endothelin-1). Abnormal proliferation of smooth muscle cells is the earliest pathobiological features of vascular remodeling, leading to muscularization of peripheral pulmonary arteries and medial hypertrophy in pulmonary muscular arteries. Recruitment of inflammatory cells and progressive migration of smooth muscle cells further results in intimal fibrosis. In the late stage of disease progression, formation of plexiform lesions and in situ thrombus occlude the vessel lumen leads to progressive reduction of the blood flow, thus establishing PAH. PAH indicates pulmonary arterial hypertension. Serotonin receptor antagonist and tryptophan hydroxylases inhibitor. Serotonin (5-HT) is a signaling molecule that plays a major role in the pathogenesis of PAH. The 5-HT is released from endothelium and further stimulates smooth muscle cell proliferation and vessel constriction directly through 5-HT receptor or 5-HT transporter (SERT). 30, 31 Patients with idiopathic PAH carry high levels of circulating 5-HT. 32 In preclinical models of disease, increased SERT expression in pulmonary artery smooth muscle cells (PASMCs) drove the development of PH. 33 Of the 14 distinct 5-HT receptors, the 5-HT 2A , 5-HT 2B , and 5-HT 1B receptors are especially related to PAH, 34, 35 and numerous inhibitors and antagonists of 5-HT receptors have been studied in this disease. Treatment with 5-HT 1B receptor antagonist LY393558, alone or in combination with fluoxetine (selective 5-HT reuptake inhibitor) and SB224289 (5-HT 1B receptor antagonist), reduced 5-HT-induced pulmonary vasoconstriction in rats exposed to hypoxia for 2 weeks. 31 Additionally, C-22, an antagonist of the 5-HT 2B receptor, can lower pulmonary pressures as well as repress RV hypertrophy and pulmonary vascular remodeling in a monocrotaline-induced Figure 3 . Emerging therapeutic targets in PAH. An improved understanding of the molecular and genetic mechanisms leading to PAH have provided translational opportunities for the development and testing of novel therapeutics agents. A number of emerging pathways amenable to therapeutic manipulation are summarized. 5-HT indicates serotonin; AMPK, AMP-activated protein kinase; BET, bromodomain and extra terminal domain; BMP9, bone morphogenetic protein 9; BMPR2, bone morphogenetic protein receptor type 2; CCR5, C-C chemokine receptor 5; DHEA, dehydroepiandrosterone; EC, endothelial cell; EPCs, endothelial progenitor cells; HDAC, histone deacetylases; LTB 4 , leukotriene B4; miRNA, microRNA; NFAT, nuclear factor of activated T cells; NF-kB, nuclear factor kappa light chain enhancer of activated B cells; PAH, pulmonary arterial hypertension; PPARg, peroxisome proliferator-activated receptor g; ROS, reactive oxygen species; TK, tyrosine kinase; TPH, tryptophan hydroxylase; VIP, vasoactive intestinal peptide.
PAH model. 36 Terguride is an oral antagonist of 5-HT 2A and 5-HT 2B receptors. In a monocrotaline rat model, it attenuates PAH development through blockading the signaling action of serotonin to the 5-HT 2A and 5-HT 2B receptors on the vasculature. 37 A selective 5-HT 2B receptor antagonist, PRX-08066, has been tested in a phase II clinical trial (NCT00345774), displaying efficacy in inhibiting a rise in PAP in humans exposed to hypoxia.
Inhibition of 5-HT synthesis may be another potential therapeutic strategy for the treatment of PAH. 38 Two tryptophan hydroxylases (TPH1 and TPH2) are critical for 5-HT synthesis. Genetic TPH1 deficiency has been shown to protect mice from experimentally induced PAH. [39] [40] [41] Moreover, a recent study demonstrated that TPH1 inhibition by KAR5585 and KAR5418 ameliorates PAH in both moncrotaline (MCT)-induced and SU5416-hypoxia rat models. 42 In aggregate, inhibition of either 5-HT synthesis or 5-HT receptors would be a promising therapeutic strategy against PAH; however, due to the pleiotropic effects of 5-HT in other tissues and organ systems, ameliorating untoward side effects and enhancing specificity of action may be key requirements for the future utility of such drugs in this disease.
Vasoactive intestinal polypeptide. Vasoactive intestinal polypeptide (VIP) is a neuropeptide (28 amino acids) hormone that inhibits smooth muscle cell proliferation and platelet aggregation, scavenges free radical oxygen, and induces pulmonary vasodilation via VPAC1, VPAC2, and PAC1 receptor activation. 43 Activation of these receptors stimulates both adenylyland guanylyl cyclase-signaling pathways. Genetic deficiency of VIP in mice causes spontaneous development of PH 44 due to increased expression of genes associated with proinflammation and pulmonary vascular remodeling, as well as decreased expression of genes involved in antiproliferation. 45 The expression and receptor-binding affinity of VPAC2 is elevated in PASMCs from patients with PAH. However, VIP levels in the lung and serum are low in PAH. 46 As such, supplementation of VIP via nebulization (200 mg daily) was found to improve pulmonary hemodynamics in patients with PAH, resulting in lower PVR and improvement of 6MWD. 47 In a clinical study, 20 patients with PAH who inhaled a single dose of 100-mg VIP analog (aviptadil) showed significantly reduced PAP with minimal side effects. In 6 patients, a decrease in PVR of >20% was also reported. 48 Furthermore, a combination treatment with VIP and the ET receptor antagonist bosentan has been evaluated in preclinical models of PH, with robust reversal of pulmonary vascular remodeling and improvement of hemodynamics, leading to mortality prevention for at least 45 days. Thus, adding VIP to current vasodilator therapy may be effective, 49 but this concept awaits verification in larger clinical trials.
Endothelial progenitor cells. Endothelial progenitor cells (EPCs)
originate from hemangioblasts in bone marrow or mesodermal stem cells and are enriched in peripheral blood. 50, 51 Circulating in plasma, they gravitate to sites of ischemia or endothelial injury, then differentiate into mature ECs in situ, contributing to revascularization and vascular homeostasis. 50 Because loss of or damage to the pulmonary vascular endothelium is central to development of PH, cell-based therapy using EPCs (ECbased therapy) has been considered a potential therapeutic option for PH. [52] [53] [54] Administration of EPCs has been shown to improve PH. Treatment with umbilical cord blood-derived or autologous EPC has been found to reverse and prevent PH in preclinical rodent models, with improvement of hemodynamics and enriched medial thickening of the small pulmonary arteries. [53] [54] [55] The EC-based therapy also improved hemodynamic and histologic PH in rodent models, particularly by EPCs transfected with genes such as endothelial NOS (eNOS) that inhibits smooth muscle cell contraction and proliferation. 54, 56 A combination treatment of EPCs with sildenafil has resulted in synergistic effects on PH manifestation, as compared to EPCs therapy alone. 57 Moreover, EC-based therapy may have preventative activity in PH via promoting vascular endothelial repair 58 through paracrine stimulation. 59, 60 Two pilot studies have been reported of patients with idiopathic PAH including adults and children were administrated a single IV infusion of autologous mononuclear cells that provide support for the therapeutic potential of EC-based therapy in human patients. 61, 62 The PHACeT trial assessing the safety of administrating autologous, cultured, eNOS-transduced mononuclear cells in patients with PAH demonstrated that such delivery was tolerated hemodynamically by these patients and there was evidence of short-term hemodynamic improvement associated with longer term benefits in quality of life and function. 63 However, the complete actions of EC-based therapy for PAH remain uncertain, specifically whether the complex behavior of progenitor cells in lung tissue is beneficial or harmful, on balance. For example, in hypoxia, inflammatory and progenitor cells have been found to contribute, rather than ameliorate, to pulmonary vascular remodeling 64 ; but it is unknown whether this directly applies to PAH.
Restoration of BMPR2 Signaling
Heterozygous loss-of-function mutations in BMPR2 have been detected in more than 70% of patients with hereditary PAH as well as in 10% to 40% of patients with sporadic idiopathic PAH. 65 The BMPR2 is a member of the transforming growth factor b (TGF-b) receptor family and has been indicated to play a critical role in pathogenesis of PAH. Based on cell and animal findings as well as genetic and pharmacologic data (as summarized in 66 ), activation of the BMPR2 signaling in various vascular cell types prevents pulmonary vascular remodeling and attenuates the severity of pulmonary vascular growth and proliferation. 67, 68 More recently, additional genetic polymorphisms related to bone morphogenetic protein (BMP) signaling have been linked to heritable PAH, including Smad9, activin A receptor-like type 1, endoglin, and BMP9. 69 As such, the putative therapeutic benefits targeting BMPR2 signaling have been investigated substantially and have now progressed into a number of clinical trials.
Most recently, enhancement of endothelial BMPR2 signaling has been explored via delivery of a small peptide mimetic of BMP9. 68 Such a ligand has been shown to prevent apoptosis and enhance the integrity of both blood outgrowth ECs and pulmonary artery endothelial cells (PAECs) from patients with PAH carrying BMPR2 mutations. Furthermore, BMP9 delivery reverses PAH in mice with heterozygous R899X mutation, as well as SU5416-hypoxia and monocrotaline models of PAH in rats. A drug discovery company (Morphogen-IX, Cambridge, UK) has recently been founded to develop BMPs as a novel therapy for PAH.
Because loss of function in BMPR2 leads to enhanced TGFb signaling associated with PH pathology, 70, 71 therapies that suppress TGF-b signaling may also be effective in ameliorating PAH. The immunoglobulin-Fc fusion protein of TGF-b (TGFBRII-Fc), a selective TGF-b inhibitor targeting TGF-b 1/3, has been examined in 3 PH animal models (monocrotaline-exposed rats as well as SU5416-hypoxiaexposed mice and rats). Administration of TGFBRII-Fc improved vascular remodeling, pulmonary hemodynamics, and overall survival in these models. 72 Two ligand traps (sotatercept and luspatercept) were successful in phase I clinical trials and are currently being examined in phase II trials (NCT03496207 and NCT03342404) in a diverse population of patients with PH.
Beyond designing specific drugs targeting molecules directly involved in BMPR2 signaling, repurposing of specific existing drugs that affect BMP signaling has also been pursued. Based on in vitro drug screening coupled with cell culture and animal modeling, FK506 (tacrolimus), a calcineurin inhibitor, was reported to promote expression and activity of BMPR2, prevent PAH development in mice with a deletion of BMPR2 in endothelium, and reverse PAH in monocrotaline and SU5416-hypoxia rat models. 73 In a recent, single-center 16-week clinical trial in 20 patients with PAH, while FK506 was found to increase BMPR2 expression as well as improvement of 6MWD and echocardiographic parameters of heart failure in some patients, these changes were not significant. 74 Nonetheless, FK506 was generally well tolerated and thus suggest the utility of supporting the study of FK506 in a phase IIb/III efficacy trial. More recently, another repurposed drug, enzastaurin, was found to improve experimental PH based on its effects on the fragile histidine triad, a novel BMPR2 modifier. 75 Finally, ataluren is a drug that interacts with ribosomes to enable the readthrough of premature stop codons (such as those found in a majority of BMPR2 mutations that predispose to PAH) which is already undergoing phase III clinical trials in cystic fibrosis. An in vitro study has shown that treatment with ataluren restores BMPR2 expression in lung vascular and peripheral blood cells from patients carrying nonsense mutations of BMPR2 and Smad9. 76 Further human studies of this drug in hereditary PAH are pending. If successful, such therapy would provide a clear impetus to expand the use of genetic testing in order to define BMPR2 mutation status in all patients with PAH.
Inhibition in Proliferation and Prosurvival Signaling
Rho kinase inhibitors. RhoA (Ras homolog), a small monomeric G-protein that comprises several Cdc42, Rac, and Rho subfamilies, and their downstream effectors (eg, ROCK) interact with each other and further stimulate other intracellular signaling pathways to regulate cell adhesion, migration, proliferation, contraction, apoptosis, and hypertrophy. 77, 78 RhoA/ROCK signaling has been implicated in PH pathogenesis through vascular remodeling and vasoconstriction. [79] [80] [81] The first ROCK inhibitor, fasudil, was approved for the treatment of subarachnoid hemorrhage-induced brain vessel vasospasms. 82, 83 Chronic fasudil treatment has also been found to improve pathologic parameters of PH and pulmonary artery remodeling in both hypoxia-and monocrotaline-induced rodent models of PH. [84] [85] [86] In patients with PH, low IV administration of fasudil caused modest acute decreases in PVR. 87, 88 Fasudil may also show efficacy in a rat model of end-stage PH due to left ventricular heart disease. 89 Despite these promising results, the roles and mechanisms of RhoA/ROCK signaling in the development and progression of PH remain unknown. The combination of fasudil with certain pulmonary vasodilators may show synergistic effects in animal models, but no clinical trial has evaluated the long-term efficacy of fasudil in PAH. 90 Receptor tyrosine kinase inhibitors. Multiple growth factors have been associated with the abnormal proliferation and migration of pulmonary artery vascular smooth muscle cells (PAVSMCs) in PH such as epidermal growth factor, fibroblast growth factor (FGF), and platelet-derived growth factor (PDGF). [91] [92] [93] [94] As a potent mitogen, PDGF forms homodimers or heterodimers and exerts its effects via 2 receptor tyrosine kinases (RTKs): PDGFR-a and PDGFR-b. 95 As shown in cancer therapeutics, blocking these RTKs may have substantial effects in mitigating cellular proliferation. Because of the growing appreciation of molecular similarities of cancer and vascular cells seen in PH, 96 the possibility of repurposing RTK inhibitors has been pursued.
Imatinib is a tyrosine kinase inhibitor (TKI) that was first used to treat chronic myelogenous leukemia. 97 In experimental PH, imatinib was found to inhibit proliferation of PASMCs and reverse neointima formation in rodents through inhibition of PDGFR phosphorylation and downstream signaling. 91 Moreover, the effects of imatinib in patients with PAH were studied in a randomized, double-blind, placebo-controlled phase II study. 98 Fifty-nine patients (WHO functional classes II-IV) who followed over 3 months of PAH-specific therapy (PGI2 analogs, ERAs or PDE5 inhibitors) were administered an oral imatinib (400 mg daily) or placebo. Upon 24 weeks of treatment, the study failed to meet its primary efficacy end point of improvement in 6MWD. However, some secondary end points such as PVR were improved. A post hoc analysis, which stratified patients according to baseline median PVR, showed improvements in hemodynamics and 6MWD in patients treated with imatinib who had PVR baseline more than 1000 dynÁs/ cm 5 . In a phase III trial of imatinib in PAH, 202 patients with elevated PVR (!800 dynÁs/cm 5 ) receiving imatinib showed significant improvement in 6MWD, along with decreased mean PAP and PVR. 99 However, this trial also called into question the safety of using imatinib in patients with PAH, particularly an elevated risk of subdural hematoma, for those receiving imatinib and anticoagulation. Approval for use of imatinib in patients with PAH was not granted, but nonetheless these results may suggest a benefit for this type of therapy if a more specific PAH population with a more favorable risk-benefit profile could be identified. Alternatively, other TKIs may be of interest, such as nilotinib, a second-generation TKI with 30-fold more potency than imatinib which was found to robustly reverse pulmonary vascular remodeling in experimental PH. 100 Related approaches such as FGF2 small interfering RNAs and a pharmacologic FGFR1 inhibitor (SU5402) have been shown to reverse experimental PH. 101 Mammalian target of rapamycin inhibitors. Beyond RTKs, mammalian target of rapamycin (mTOR) is a serine/threonine kinase that plays an important role in cell proliferation, survival, and metabolism in response to various environmental factors. The mTOR signaling pathway has been implicated in pulmonary vascular remodeling, 102 and thus mTOR signaling may present an attractive potential therapeutic target for PAH associated with severe pulmonary vascular remodeling.
Rapamycin and its analogs are currently the only FDAapproved mTOR inhibitors to predominantly suppress the mammalian target of rapamycin complex 1 (mTORC1), a kinase complex that regulates survival, growth, and metabolism in response to available cellular nutrients and energy. Rapamycin is in clinical use as an immunosuppressor to prevent transplant rejection and as an antiproliferative agent applied to coronary stents to reduced local restenosis. 103 Rapamycin has been shown to inhibit proliferation in 3 types of PA vascular cells (EC, SMC, and fibroblast) by suppression of mTORC1. Moreover, rapamycin treatment over a 24-hour period triggers apoptosis in primary human ECs, human umbilical vein ECs, and aortic ECs, by inhibition of mTORC2. 104, 105 All together, these studies indicate that rapamycin may be applicable as a proapoptotic drug for human pulmonary vascular cell types in PAH as well. In preclinical studies, rapamycin treatment reduced the proliferation of PASMCs from monocrotaline-exposed PH model of rats 106 and PAVSMCs from patients with idiopathic PAH. 107 In hypoxiainduced PH mice, rapamycin attenuated thickening and proliferation of the pulmonary vasculature as well as RV hypertrophy to prevent vascular remodeling. 108 In a small clinical study, a second mTOR inhibitor, everolimus, improved PVR and 6MWD in 8 of the 10 patients with PAH or CTEPH. 109 An albumin-bound mTOR inhibitor (ABI-009) is also now being evaluated in patients with severe PAH (NCT02587325).
Anti-Inflammatory Mechanisms
Chronic inflammation is increasingly considered an important and causative factor of various subtypes of PH, contributing to structural pulmonary vessel remodeling and stiffening. 110, 111 Among inflammatory mediators, cytokines and chemokines, which mediate innate and acquired immune cell (T cells, B cells, leukocytes, microphages, dendritic cells, and mast cells) trafficking, result in great degrees of perivascular inflammatory infiltrates occurring in resident vascular cells. [112] [113] [114] [115] In PH, cytokines and chemokines are mainly secreted by various immune cells, as well as by resident vascular cells such as pulmonary vascular endothelial and smooth muscle cells. 110 Recent findings have specifically linked myelopoiesis, monocytes, and interstitial macrophages to particular key roles in PAH pathogenesis. [116] [117] [118] [119] While future therapeutic endeavors are poised to target specific immune cell compartments, more developed pipelines have explored the control of expression and production of cytokines and chemokines, such as interleukins-1b (IL-1b), IL-6, IL-8, monocyte chemoattractant protein 1, chemokine C-C motif ligand 5 (CCL5/RANTES), and tumor necrosis factor a, all dysregulated in severe PH (predominately within the pulmonary vascular lesions). 112 Their actions, at least in part, can drive pulmonary vascular remodeling through promoting proliferation, migration, and differentiation of vascular cells.
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Nuclear factor-kB inhibition. Nuclear factor kappa light chain enhancer of activated B cells (NF-kB) is a ubiquitous transcription factor that is regulated by various stimuli, including growth factors, inflammatory mediators (cytokines), chemotherapeutic drugs, and many others. It is a crucial regulator of fundamental cell functions such as survival, proliferation, and mobility. 120, 121 Several studies have identified NF-kB as crucial for PAH pathogenesis via activation of inflammatory and proliferative stimuli in PASMCs and mediating cytokineinduced release of the vasoconstrictor ET-1. 122 In addition, activation of NF-kB is induced in monocrotaline PH rats, and pharmacologic NF-kB blockade has been found to ameliorate PH. 123, 124 Furthermore, by study of transgenic mice with cardiac-specific overexpression of a dominant-negative IkBa gene (an inhibitory binding partner of NF-kB), inhibition of NF-kB transcriptional activity was sufficient to prevent RV hypertrophy induced in monocrotaline PH rats. 125 Lastly, NF-kB has been reported to be highly activated in pulmonary lymphocytes, macrophages, ECs, and PASMCs from patients with end-stage idiopathic PAH, 126 suggesting that NF-kB may be a potential therapeutic target for PAH.
Bardoxolone methyl (CDDO-Me) is an orally available semisynthetic triterpenoid that inhibits NF-kB activation but also acts as a nuclear factor erythroid 2-related factor 2 (Nrf2) inducer. CDDO-Me exhibits anti-inflammatory effects by activation of Nrf2/Keap1 pathway and downregulation of NF-kB activity. 127 In preclinical studies, it was found to increase endothelial NO bioavailability, improve metabolic dysfunction, and inhibit smooth muscle cell proliferation. [127] [128] [129] Currently, a phase II clinical trial is examining its efficacy in patients with PH (NCT02036970). 130 Another NF-kB relevant drug, dimethyl fumarate (DMF), 131 has been recently examined as a therapeutic agent for PAH using patient-derived cells and mice models. The DMF works through inhibition of NF-kB but also signal transducer and activator of transcription 3 (STAT3) and c-jun (an activator protein-1 transcriptional factor subunit) signaling, leading to degradation of the pro-fibrogenic mediators: specificity protein 1 (Sp1), transcriptional coactivator with PDZ-binding motif (TAZ), and b-catenin. 132 In rodent models of PAH, DMF treatment was effective in reducing inflammation, oxidative damage, fibrosis, and hemodynamic reversal. 132 Advancement of DMF to clinical trial in PAH has not yet been explored, but given its favorable safety profile and FDA approval as Tecfidera for the treatment of multiple sclerosis, 133 repurposing for PAH may be reasonable in the near future.
Nuclear factor of activated T cells inhibition. Nuclear factor of activated T cells (NFAT), a calcium (Ca 2þ )-dependent transcription factor, is active in diseased pulmonary vasculature. 110, 134 The NFAT is highly activated in PASMCs and circulating leukocytes in both human and animal instances of PAH. 134 Another study indicated that dysregulation of miR-204 ultimately activates NFATc2 and NFAT signaling, leading to hyperproliferative PASMCs and ultimate development of PH in rodents. 135 The NFAT inhibition, by cyclosporine (an NFATc2 inhibitor) or via the selective peptide VIVIT that interferes with the interaction between NFAT and calcineurin, was shown to reverse monocrotaline-induced rat model of PH. 134 While the selectivity of VIVIT is attractive for further clinical testing, challenges with delivery and stability have substantially limited the use of VIVIT in humans. 136 Leukotriene B 4 inhibitor. Leukotriene B 4 (LTB 4 ) is a proinflammatory lipid mediator produced from arachidonic acid by consecutive activities of 5-lipoxygenase, 5-lipoxygenaseactivating protein, and leukotriene A 4 hydrolase. 137 Several studies have suggested that LTB 4 contributes substantially to PAH initiation and progression.
Use of an LTB 4 receptor antagonist (ONO4057) reduced RV hypertrophy in monocrotaline-exposed rats and prevented these animals from developing PH. 138 More recently, bestatin (ubenimex), a nonspecific inhibitor of leukotriene A 4 hydrolase, was shown to reverse established PH in both SU5416-exposed athymic rats and monocrotaline-exposed rats. 139 The efficacy of bestatin in patients with PAH was recently studied in a 24-week phase II clinical trial (NCT02664558, LIBERTY trial) which included 61 patients with PAH across 45 clinical sites in North America. Although the trial results await publication, preliminary reports from the trial sponsor (Eiger Biopharmaceuticals, Palo Alto, CA, USA) have indicated that treatment failed to improve PVR in comparison to placebo and was unable to improve exercise capacity of patients, as measured by 6MWD. It is possible that the nonspecificity of this particular drug may have played a role in these negative trial results. Nonetheless, in the wake of these results, it remains to be seen if targeting LTB 4 or other leukotriene metabolites still has a viable path forward in clinical trial for improving the inflammatory component of this deadly disease.
CCR5 antagonist. HIV infection is a key risk factor for developing PAH, 140 but the pathogenic mechanisms remain enigmatic. CCR5 is a G-protein-coupled receptor that acts as a coreceptor critical for HIV entry into cells; thus, it is a common therapeutic target for HIV infection. 141, 142 Recently, CCR5 has been implicated as a potential therapeutic target for PAH. The CCR5 is activated upon stimulation by CCL3, CCL4, and CCL5 (CCR5 ligands) and is highly expressed in the principal cell types implicated in PH pathogenesis, for example, macrophages, T cells, ECs, and smooth muscle cells. 113, 114, 143, 144 Increased CCL5 expression has been observed within the pulmonary vascular wall in patients with idiopathic PH. 145 It has been also shown that elevated CCR5 level is found in lung tissues isolated from patients with PAH, in mice with hypoxia-exposed PH, and in HIV-infected macaques. 146 Furthermore, CCR5-knockout mice manifested less severe phenotypes of PH compared to wild-type mice upon chronic hypoxic exposure. 147 Maraviroc, a pharmacologic CCR5 antagonist, prevented the development of PH in hypoxic mice 146 and partially reversed PH in a mouse model of disease driven by metabolic syndrome. 147 As of yet, no clinical trial targeting CCR5/CCL5 in HIV-PAH has been reported.
Targeting Metabolism
Mitochondria are double-membrane-bound organelles that generate most cells' adenosine triphosphate (ATP) supply from pyruvate via the glycolysis pathway, or fatty acids via b-oxidation. In addition to supplying cellular energy, they are involved in other essential cellular activities, such as reactive oxygen species and diffusible metabolite production, Ca 2þ signaling, and regulation of autophagy and apoptosis, 148 among others. Profound mitochondrial dysfunction and metabolic reprogramming have been identified as driving causes of various type of PH, in which oxidative mitochondrial function is generally suppressed in PASMCs, RV cardiomyocytes, and ECs. As a result, there is a switch in oxidative phosphorylation toward glycolysis (the Warburg effect). 149 Upregulation of glycolysis is associated with resistance to apoptosis, whereas lower oxidative activity in mitochondria ultimately engenders greater cell proliferation. 150 Based on halting or reversing aspects of the Warburg effect, a numbers of agents may hold promise in preclinical and early clinical therapy for PAH.
Pyruvate dehydrogenase kinase inhibitor. Pyruvate dehydrogenase (PDH) is a key enzyme that converses pyruvate into acetylcoenzyme A (acetyl-CoA) as a substrate for the Krebs cycle, and this process is suppressed in PAH. To do so, pyruvate dehydrogenase kinase (PDK), an enzymatic PDH inhibitor, is able to be activated through the tyrosine kinase axis 151 and hypoxia-inducible transcription factor, such as HIF-1a. 152 PDH is also repressed when there is decreased mitochondrial Ca 2þ signaling, 153 a striking feature of PAH. Dichloroacetate (DCA) is a small molecule PDK inhibitor under study in investigator-led clinical trials for various cancers and PAH. 154 In PAH, inhibition of PDK via DCA attenuated and reversed pulmonary vascular remodeling in monocrotaline and hypoxic rats with PH. 155, 156 In these studies, DCA induced apoptosis and inhibited proliferation through depolarizing mitochondria, which resulted in the release of H 2 O 2 and cytochrome c, leading to the subsequent restoration of Kv channel expression and function. 155, 156 In addition to the effects on mitochondria function, DCA was found to inhibit NFAT, suppress HIF-1a, as well as upregulate copper/zinc superoxide dismutase (Cu/Zn SOD; also called SOD1) activity in experimental PH models. 157, 158 A recent phase I clinical study included 20 patients with PAH treated with chronic oral DCA. Findings were complicated, demonstrating that DCA administration led to an improvement in PAP, PVR, and functional capacity in some, but not all, of the patients. 159 Intriguingly, resistance to DCA resistance correlated with the presence of carrying genetic variants of sirtuin-3 (SIRT3) and uncoupling protein 2 (UCP2), both of which predict decreased protein activity and have been related to the development of PAH. 160 Thus, these findings give impetus to further study of DCA as well as potentially using genetic screening as a guide for defining appropriate responders and trial participants.
Fatty acid oxidation inhibitor. Fatty acid and glucose metabolism are inversely associated with RV homeostasis and dysfunction. In the failing RV with PAH, inhibition of glucose oxidation is accompanied by increased fatty acid oxidation, a process known as the Randle cycle. 161 As such, inhibition of fatty acid oxidation (and thus the Randle cycle) has been offered as a putative therapeutic possibility to improve RV function and to promote glucose oxidation. A key regulatory enzyme for fatty acid oxidation in the RV is malonyl-CoA decarboxylase (MCD). The MCD-deficient mice have displayed increased glucose oxidation and a decreased tendency to develop hypoxic PH, 162 thus offering preclinical support for this hypothesis. Trimetazidine and ranolazine are both small molecules that partially inhibit fatty acid oxidation via restoring PDH activity and glucose oxidation, thereby accelerating ATP levels. 163 They have been shown to reduce elevated RV glycogen levels in the hypertrophic rat RV, to increase exercise capacity and cardiac output, and to attenuate exertional lactic acidemia in pulmonary artery banding. 163 In addition, trimetazidine has been found to normalize intracellular calcium levels in PASMCs from patients with PAH and to improve PAPs, RV thickness, and pulmonary vascular remodeling in animal models of PAH. 162 Ranolazine is a structurally related drug, originally marketed as an antianginal drug for coronary artery disease, 164 but now being studied as a therapeutic that can reverse the Randle cycle specifically in the diseased RV. 163 A numbers of clinical trial studies on the use of ranolazine in PH have recently completed. A safety study of ranolazine in patients with PAH appeared safe without worsening hemodynamics (NCT01757808). 165 An open-label ranolazine study in patients with PAH with angina or an anginal equivalent showed improvement in exercise capacity, 166 RV function and RV structure (reduced size), but did not alter hemodynamic parameters (NCT01174173). 166 A phase IV study investigating the efficacy of ranolazine in 10 patients with PH and diastolic dysfunction (WHO group 2 PH) is ongoing but has not yet been published (NCT02133352). Two other clinical trials are in progress, studying the effects of ranolazine on RV ejection fraction and change in metabolic and microRNA (miRNA) profiles in non-WHO patients with group 2 PH with RV dysfunction (NCT01839110 and NCT02829034).
Metformin. AMP-activated protein kinase (AMPK) is a serine/ threonine kinase that positively regulates NO production via eNOS, whereupon it suppresses vascular smooth muscle cell proliferation and remodeling. 167 The AMPK has been reported to be downregulated in the pulmonary arteries from patients with PAH and hypoxia-induced PH mice. 168 Furthermore, endothelial-specific AMPK knockout mice are predisposed to develop PH upon hypoxic exposure, 168 suggesting that AMPK could be potential novel therapeutic targets of PH.
The antidiabetic agent metformin is an AMPK activator. Thus, it has been hypothesized as a new therapeutic approach for PH, given the importance of AMPK in PH and the association of metabolic syndrome and diabetes in WHO group 2 PH (namely, PH associated with heart failure with preserved ejection fraction, HFpEF). 169 Metformin has been shown to protect against the development of PH in hypoxia-and monocrotalineexposed models of PH in rats 170 as well as in a preclinical rodent model of PH-HFpEF. 169 A phase II clinical trial evaluating the efficacy of metformin on pulmonary vascular function in patients with PAH is currently underway (NCT01884051).
Peroxisome proliferator-activated receptor g agonist. The PPARg is a nuclear receptor that predominantly regulates lipid and glucose metabolism in adipocytes and is crucial for cardiovascular homeostasis. Evidence indicates that PPARg serves as a protective modulator in PAH, 171 particularly in diseased PASMCs 172, 173 and PAECs. 174, 175 The level of PPARg expression was observed to be low in lungs from SU5416-hypoxiaand chronic hypoxia-exposed rats, as well as in lungs from patients with severe PAH and with chronic obstructive pulmonary disease. 176, 177 Mice carrying endothelial-deficient PPARg were found to suffer more severe PH compared to wild-type mice under hypoxia exposure. 175 Similarly, mice with PPARg gene deletion in arterial smooth muscle cells developed PH. 178 In part, this may be driven by PPARg alterations of TGF/BMP signaling with downstream effects on cell proliferation and glucose metabolism. 173 The miRNA 130/301 family was also found to target PPARg in multiple vascular cell types, leading to an array of consequences on proliferation, vasomotor tone, and vascular matrix stiffening in PH. 179, 180 In aggregate, these studies provide a mechanistic foundation for the essential role of PPARg deficiency for PAH disease development, thus prompting speculation about the potential for PPARg agonists in this disease.
The PPARg activators (ligands) such as rosiglitazone and pioglitazone (thiazolidinedione, TZD) have indeed shown benefits in animal models of PAH. 172, 181 Rosiglitazone attenuated hypoxia-induced models of PH in mice and rats. 177, 182, 183 Treatment with rosiglitazone reversed PAH by inhibition of TGFb1-Stat3-FoxO1 cascade pathways in TGFb1-overexpressing mice. 173 Despite these promising attributes, the clinical potential of rosiglitazone was stymied by cardiovascular safety concerns in larger phase III trials in diabetic patients. 184 On the other hand, pioglitazone, another TZDclass insulin sensitizer, has been studied for therapeutic revival in a number of cardiovascular diseases, given its beneficial safety profile versus rosiglitazone [185] [186] [187] and even beneficial effects on diastolic left ventricular function. 188 In preclinical studies, treatment with pioglitazone reversed PAH and prevented RV failure in the SU5416-hypoxia rats through regulating distinct messenger RNAs (mRNAs) and miRNAs, renovating mitochondrial function (Food and Agriculture Organization induction), and preventing lipid accumulation in myocyte. 181 Taken together, next-generation PPARg-activating drugs may, in fact, be potent agents for the treatment of PAH, RV failure, and abnormality in altered lipid/glucose metabolism, which are characteristic features of cardiopulmonary remodeling.
Beyond TZD drugs, an electrophilic nitroalkene-containing fatty acid nitro-oleic acid (NO 2 -OA) is a novel and endogenous PPARg ligand that directly adducts the Cys285 residue in the PPARg ligand-binding domain, thus leading to potent agonist for PPARg. 189 The NO 2 -OA has displayed beneficial metabolic effects by induction of PPARg transcriptional activity 189 and attenuated hypoxia-induced PH in mice by inhibiting the proliferation of smooth muscle cells to reduce muscularization of small pulmonary vessels. 190 At present, NO 2 -OA has cleared preclinical toxicology and testing in FDA-approved human safety trials of both oral and IV formulations (IV IND 122583; oral IND 124524), and a phase II human trial with this molecule is underway in PAH.
Antioxidants. A number of recent human studies have implicated increased oxidative stress (ie, the rapid depletion of small molecule antioxidants, lipid peroxidation, and DNA oxidation) in patients with PH. [191] [192] [193] [194] It is reasonable to suggest that redox imbalance may contribute to the pathological conditions associated with idiopathic PAH. Several small molecules with antioxidant properties have been reported to have therapeutic outcomes in animal models of PH. In preclinical studies, several antioxidants have been demonstrated to inhibit PH and/or RV dysfunction. Examples include N-acetylcysteine, probucol, tempol, allicin, pyrrolidine dithiocarbamate, superoxide dismutase, allopurinol, sulfur dioxide, and resveratrol. 194 More recently, new specific oxidase inhibitors are available, such as febuxostat (a putative inhibitor of xanthine oxidase) and statins (inhibitors of HMG-CoA reductase), which have broad effects on modulation of inflammatory vascular oxidases, but have not been tested rigorously in clinical human PAH.
Targeting sex hormones. A gender predisposition has long been appreciated in PAH. The initial National Institutes of Health registry identified a ratio of 1.7:1 female:male patients with PAH, 195 and a recent French registry for multinational treatment trials reported a ratio of 4:1. 196 However, men with PAH tend to suffer from more severe disease, and male sex has been identified as a risk factor for mortality in 2 individual PAH registries. 197, 198 A recent study has reported that sex hormone levels are associated with the risk of PAH in men. Specifically, an increase in estradiol (E2) level and a decrease in dehydroepiandrosterone (DHEA) level were linked to more severe hemodynamic burden. 199 In particular, elevated circulating E2 level is linked to a high risk of PAH in men.
Although the biogenesis and metabolism of E2 and DHEA are complex, findings have indicated the importance of aromatase, one of the several biogenesis enzymes for E2 production, in the development of PH. Namely, the occurrence of a gain-offunction single-nucleotide polymorphism in the aromatase promoter region is not only associated with a higher level of circulating E2 in patients with PH but also with an increased risk of developing PAH with cirrhosis. 200 Administration of the aromatase inhibitor anastrozole has been found to reduce PAPs, pulmonary vascular remodeling, and indices of RV hypertrophy in hypoxia-exposed mice and Su5416-hypoxia PH models in rats. 201 A phase II clinical trial evaluating the safety and efficacy of anastrozole in patients with PAH has been completed, and it demonstrated daily treatment with 1 mg anastrozole for 3 months significantly lowered E2 levels in plasma by 40% and increased 6MWD capacity. 202 The DHEA is a cholesterol-derived steroid hormone secreted mainly from the adrenal cortex. It is a precursor for the synthesis of estrogen and testosterone 203 and has been found to inhibit hypoxia-induced vasoconstriction by stimulating potassium channels via sGC activation 204 and to improve endothelial function by increased NO synthesis. 205 Administration of DHEA has been observed to partially reverse PAH in both preclinical and clinical studies. The DHEA treatment protects against monocrotaline-induced PH in pneumonectomized rats 206 and ameliorates severe PAH in SU5416-hypoxia rats by protecting the RV against fibrosis and apoptosis. 207 A recent small clinical trial demonstrated an improvement of 6MWD as well as pulmonary hemodynamics in patients associated with chronic obstructive lung disease. 208 Taken together, DHEA is advancing as a possible new drug for the treatment of PH; it remains to be seen if male patients in particular may derive benefits from DHEA hormone therapy.
Other metabolic processes. There continue to be advancing insights into the profound metabolic reprogramming and dysregulation seen in PH. Iron deficiency in patients with PH has been observed, [209] [210] [211] [212] accompanied by some mechanistic insights into the role of iron in PH. [213] [214] [215] Moreover, deficiency of iron-sulfur clusters, critical for function of oxidative phosphorylation and electron transport, has been causatively linked to PH via both genetic and acquired triggers. 216, 217 Clinical trials are currently ongoing to evaluate whether iron supplementation can improve manifestations of PAH (NCT03371173). However, these trials will need to tread cautiously, given other data in sickle cell-induced PH that iron overload can also worsen PH. 218 Furthermore, dysregulation of transcriptional factors such as the Yes-associated protein (YAP) and TAZ has been linked to alterations of glycolysis and glutamine metabolism, driving a pathogenic and hyperproliferative state. 219, 220 Inhibitors of YAP/TAZ and glutaminolysis have been examined in rat models of PH and have shown promise.
DNA Damage
Cells have an evolutionally conserved pathway, termed the DNA damage response, that senses and transduces signaling and repairs damaged DNA lesions in order to maintain genomic integrity. Successful DNA repair permits cells to continue the process of proliferation. Conversely, failure of DNA repair processes causes accumulation of DNA damage and induction of apoptosis. 221 DNA damage and repair have been associated with disease progression of PAH. Whole-exome sequencing has recently resulted in the identifying mutations in topoisomerase DNA II binding protein 1 (TOPBP1), a key player in DNA damaging signaling, that are relevant to PAH susceptibility. 222 Variation in TOPBP1 expression has been localized in situ in PAECs isolated from lungs of patients with idiopathic PAH. 222 In addition, BMPR2 deficiency impaired DNA damage responses in PAH PAECs, with lower breast cancer 1 (BRCA1) expression and increased susceptibility to outright genomic lesions and instability. 223 Beyond TOPBP1, loss of Ku70 (a subunit of the Ku protein complex involved in the nonhomologous endjoining pathway of DNA double-strand break repair) in mice, displays visual similarities to plexiform lesions in patients with PAH lung. 224 Moreover, DNA damage in PAH has been found to be associated with poly [ADP-ribose] polymerase 1 (PARP1) overexpression in PASMCs due to miR-223 downregulation, a feature of PAH-PASMCs contributing to the cancer-like phenotype of these cells. 225, 226 Inhibition of PARP1 by ABT-888 has been revealed to reverse PH in monocrotaline and SU5416-hypoxia rats. 225 An early phase I clinical trial to investigate the safety of PARP1 inhibitor (olaparib) on pulmonary vascular function in patients with PAH is currently enrolling (NCT03251872), to be followed by a multicenter phase II trial that will be conducted in recognized PAH programs throughout Canada.
New Perspectives: Epigenetic Modulation
Recent emphasis has been placed on investigating epigenetic modulation as a therapeutic approach for PH. Histone modifications (eg, methylation, acetylation, phosphorylation) lead to an alteration in chromatin structure and facilitation of transcriptional gene expression. The balance of deacetylation and acetylation is modulated by histone deacetylases (HDACs) and the histone acetyltransferases, respectively. Increased level of HDACs is found in lung tissues of both patients with PAH and rats exposed to hypoxia, 227 indicating that elevated HDAC activity might contribute to pathology of PAH associated with high proliferative potential.
Inhibition of HDAC activity by valproic acid (VPA) and suberoylanilide hydroxamic acid (a relatively broad-spectrum HDAC inhibitor) has been shown to reduce PA pressure without altering systemic blood pressure in chronic hypoxiaexposed rats, as well as inhibiting proliferation and inflammation in the lung. 227 Specifically, inhibition of HDAC1 repressed proliferation and migration of PASMCs. 228 Inhibition of HDAC4 and HDAC5 by MC1568 (a selective class II HDAC inhibitor) reversed PH in multiple PH rat models. 229 More recently, therapeutic targeting of HDAC2A was found to improve experimental PH. 230 However, the therapeutic potential of existing HDAC inhibitors remains controversial in PAH due to their lack of specificity. Although these inhibitors have shown promising results in left ventricle (LV) remodeling, broad-spectrum HDAC inhibition with trichostatin A has also been associated with dysfunction and worsened remodeling of the RV via antiangiogenic and/or proapoptotic effects, 231 suggesting the intriguing possibility of differential modulation of histone acetylation in the RV versus the LV.
Lysine acetylation of histones alters the electrostatic properties on chromatins and creates docking sites for the bromodomain and extra terminal domain (BET) proteins, leading to initiation of transcriptional processes that result in significant gene expression changes. 232 In PH, a member of the BET family protein, BRD4, has been reported to be upregulated in the lungs, distal pulmonary arteries, and PASMCs from patients with PAH. 233 Furthermore, pharmacological inhibition of BRD4 by the small molecule JQ1 reversed PAH in SU5416-hypoxia-exposed rats, 233 as well as reduced human pulmonary microvascular EC proliferation and migration by inhibiting NF-kB p65 protein recruitment to the IL-6 and IL-8 promoters. 234 In aggregate, these studies suggest that BET inhibitors may have valuable therapeutic potential for the treatment of PAH, potentially in combination and synergy with HDAC inhibitors.
Noncoding RNAs such as miRNAs can also epigenetically regulate transcriptional and post-transcriptional events, and there is a growing literature regarding their influence on PH pathogenesis. 235 The miRNAs are small noncoding RNAs that incorporate into the RNA-induced silencing complex of proteins, leading to binding of mRNA target transcripts and either degradation or inhibition of protein translation. In consequence, they influence many biological processes, including cell differentiation, survival, and proliferation. 236 A growing number of miRNAs are dysregulated in the pulmonary vessels and RV tissue in PAH. Some are detectable as extracellular molecules in circulating plasma, making them potential biomarkers and therapeutic targets as well. 235, 237, 238 Although the study of miRNAs has offered a wealth of knowledge regarding the fundamental pathogenesis of PH, therapeutic strategies to modulate miRNAs have been more challenging. In general, 2 main techniques have been explored in more depth: administration of miRNA mimics (in the form of oligonucleotides or lentiviruses) or delivery of oligonucleotide inhibitors (ie, antagomirs). Various animal studies have independently reported success in these methods of transfer, but the transition to clinical study has been marked by hurdles of safety, efficacy, as well as tissue specificity of delivery. The latter issue is particularly important for miRNA therapies, given each miR-NA's typical pleiotropic and complex biology in a variety of organ systems. When coupling that pleiotropy with the historic difficulties of delivering a compound specifically to the pulmonary vasculature, the challenges of clinical targeting of miRNA biology in PH become evident. Nonetheless, if other therapeutic niches can be solved with RNA therapeutics, the path forward may become much more obvious. In aggregate, the potential is growing for therapies, and even diagnostics, that target epigenetic regulation and gene expression repositories in PAH.
Conclusions
Pulmonary hypertension is a devastating disorder and largely remains a disease without a cure. Apart from the current FDAapproved palliative therapies, recent studies provide hope that multiple molecular targets exist that may truly influence disease progression. These targets influence proliferation, inflammation, DNA damage, and mitochondrial/metabolic function. Substantial progress in our knowledge of epigenetic regulation and miRNA function in PH may also provide further translational options for this disease. However, with the advent of so many novel therapeutic agents, effective testing of these drugs presents new challenges as well. The pool of available patients for clinical study is relatively small, and eligible patients with PAH for clinical trials are typically already on multiple drugs, a fact which can confound results from already small patient populations. Likely, to expedite drug development, research efforts for future clinical trials will have to begin to include other historically neglected global PH centers, such as those in Asia, in order to recruit sufficient numbers of patients. It is unclear whether this next generation of drugs will necessitate improvements in local pulmonary vascular delivery, as these novel drugs may carry powerful and unwanted off-target side effects if delivered systemically. Finally, trial design itself for the new generation of PH drugs will also necessitate innovation. It remains unclear whether the standard indices of evaluating pulmonary vasodilators (ie, invasive hemodynamic testing) should be used for evaluating disease-modifying drugs that act in other ways beyond vasodilation alone. More specific and useful assessments (ie, imaging or functional endpoint points) may need to be developed to determine drug efficacy. It also remains a distinct possibility that genetic testing or genomic sequencing may play a role in recruiting the optimal patients for a specific trial drug-those that have the highest chance of responding favorably to the therapy. 239 If those innovations come to bear, it is possible that drug efficacy may be adequately tested in the future without necessitating longterm patient outcome data, thus obviating the need for lengthy and costly trials that, in their current form, would certainly slow, if not prevent entirely, the advent of these new therapies. Thus, there is great optimism in the PH community, with a large number of new potential therapies currently under investigation in the preclinical or early-stage clinical trials. With appropriate innovation in late-stage clinical trial design, we expect that the landscape of PH therapies will evolve closer to a cure over the next decades.
Woodcock, C-S. and Chan, S contributed to conception and design; to acquisition, analysis, and interpretation; drafted manuscript; critically revised manuscript; and gave final approval; agrees to be accountable for all aspects of work ensuring integrity and accuracy.
Declaration of Conflicting Interests
The author(s) declared the following potential conflicts of interest with respect to the research, authorship, and/or publication of this article. S.Y.C. has served as a consultant for Actelion (Significant), Gilead, Aerpio, Pfizer, and Vivus (Modest). Patent applications (S.Y.C.) have been filed regarding targeting metabolism in pulmonary hypertension.
Funding
The author(s) received no financial support for the research, authorship, and/or publication of this article.
ORCID iD
Stephen Y. Chan, MD, PhD https://orcid.org/0000-0002-9520-7527
